Species belonging to the lowest metazoan phylum, the sponges (Porifera), exhibit a surprisingly complex and multifaceted Bauplan (body plan). Recently, key molecules have been isolated from sponges which demonstrate that the cells of these animals are provided with characteristic metazoan adhesion and signal transduction molecules, allowing tissue formation. In order to understand which factors control the spatial organization of these cells in the sponge body plan, we screened for a cDNA encoding a soluble modulator of the behaviour of endothelial cells. A cDNA encoding a putative protein, which is highly similar to the human and mouse endothelial monocyte-activating polypeptide (EMAP) II has been isolated from a library of the marine sponge Geodia cydonium. The sponge EMAP-related polypeptide (EMAPR) has been termed EMAPR1____GC. The full-length cDNA clone, GCEMAPR1, has a size of 592 nucleotides (nt) and contains a 447 nt-long potential open reading frame; the molecular weight (MW) of the deduced amino acid sequence, 16 499 Da, is close to that of mature mammalian EMAP II (ca. 18 kDa). The sponge polypeptide is also closely related to a deduced polypeptide from the cosmid clone F58B3 isolated from Caenorhabditis elegans. A phylogenetic analysis revealed that the sponge and the nematode EMAPR molecules form a cluster which is signi¢cantly separated from the corresponding mammalian EMAP molecules. The function of the ¢rst cloned putative soluble modulator of endothelial cells in sponges remains to be determined.
INTRODUCTION
Sponges (Porifera) represent the phylogenetically oldest and simplest extant multicellular animals (Mehl et al. 1997) . Recent molecular biological data obtained from genes encoding proteins have almost resolved the phylogenetic status of Porifera within the Metazoa. Comparative sequence analyses strongly support monophyly of all Metazoa (reviewed in Mu« ller et al. 1994; Mu« ller 1995 . However, sponges have been considered to lack basic elements characteristic of higher Metazoa, mainly the abilities to form tissues and to di¡erentiate speci¢c sensory cellsönerve cells (Nielsen 1995) . This assumption could be revised by the demonstration that sponges contain genes coding for (i) constitutive proteins of the basal lamina, integrin (Pancer et al. 1997a ) and ¢bronectin (Pahler et al. 1998) ; (ii) a neurotransmitter receptor (the metabotropic glutamate receptor) ; and (iii) crystallin (Krasko et al. 1997) .
Based on the presence of embryonic layers, the Metazoa have been divided into two groups. The diploblasts (including the phyla Porifera, Cnidaria and Ctenophora), with only two layers, and the triploblasts which produce a third germ layer (Campbell 1996) . Sponges have a specialized circulatory system. The outer surface of these animals is formed by a single-cell layer of exopinacocytes, connected by an extensive canal system. The walls of these aquiferous canals are formed by a single-cell layer of endopinacocytes (Simpson 1984) .
No potential morphogen has so far been identi¢ed which could contribute to pattern formation in sponges. One approach to identifying potential signalling molecules is to combine polymerase chain reaction (PCR) and the use of degenerative oligonucleotide primers corresponding to conserved amino acids present in candidate molecules to detect counterpart proteins in sponges. We have selected the endothelial monocyte-activating polypeptide (EMAP) type II because it causes cell activation, e.g. increases in cytosolic free Ca 2+ concentration, release of tissue factors, alteration of cell migration, and expression of adhesion molecules in endothelial cells as well as in human and mouse monocytes and granulocytes (Kao et al. 1992 (Kao et al. , 1994a , and it causes angiogenesis (Yoshida et al. 1997) . The receptor for the EMAP has not yet been identi¢ed. Crucial to the selection of the EMAP was also the fact that a sequence-related molecule, deduced from the cosmid clone F58B3, has already been isolated from the pseudocoelomate Caenorhabditis elegans (Wilson et al. 1994) .
We have identi¢ed a cDNA encoding a putative endothelial monocyte-activating related polypeptide (EMAPR) in the marine sponge Geodia cydonium, which has a deduced molecular mass of 16 499 Da and shows high sequence similarity to the human and murine EMAP. It is interesting to note that the size of the deduced human and mouse EMAP polypeptide is ca. 34 kDa, but that it is released from the cells as a mature polypeptide of ca. 18 kDa.
MATERIALS AND METHODS

(a) Materials
Restriction endonucleases and other enzymes for recombinant DNA techniques and vectors were obtained from Stratagene (Heidelberg, Germany), Boehringer Mannheim (Mannheim, Germany), Epicentre Technologies (Madison, WI), and USB (Cleveland, OH); Hybond N + membrane came from Amersham (Arlington, IL), TRIzol Reagent from GibcoBRL (Grand Island, NY), and DIG (digoxigenin) RNA labelling kit, DIG-11-UTP, anti-DIG Fab fragments, and CSPD (disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2'-(5'-chloro)tricyclo(3.3.1.1)decan}-4-yl)-phenyl phosphate) from Boehringer Mannheim.
(b) Sponge
Live specimens of G. cydonium (Porifera; Cellularia; Demospongiae; Tetractinomorpha; Astrophorida; Geodiidae) were collected near Rovinj (Croatia). The tissue samples were immediately frozen in liquid nitrogen until use.
The 5'-end of the sponge EMAPR cDNA was cloned by two rounds of PCR from a G. cydonium cDNA library (Pfeifer et al. 1993) in lambda ZAPII, using the degenerate reverse primer 5'-ACUTCIACYTCYTCUACUTA-3' (where U A/G, Y C/T, I inosine) (covering nt 101^120 in the ¢nal sequence of GCEMAPR1 cDNA) in conjunction with the ZAPII 5'-end vector-speci¢c primer T3. The PCR reaction was carried out using a GeneAmp 9600 thermal cycler (Perkin Elmer) at an initial denaturation at 95 8C for 1 min, followed by 35 ampli¢ca-tion cycles of 95 8C for 45 s, 54 8C (¢rst round) and 58 8C (second round) for 1 min, 72 8C for 1.5 min, and then a single extension step at 74 8C for 10 min. The reaction mixture of 50 ml included 10 pMol of the degenerate primer and 5 pMol of the primer T3 (from Stratagene, Germany), 200 mM of each nucleotide, 1 ml of the cDNA library (approximately 10 plaque forming units (PFU)), bu¡er and 2.5 units of Taq DNA polymerase (Boehringer Mannheim). A fragment of ca. 200 bp was obtained and used to screen the same cDNA library under standard conditions (Ausubel et al. 1995) . Those clones containing the largest insert were sequenced using an automatic DNA sequenator (Li-Cor 4200).
(d) Sequence analysis
Homology searches were done via the e-mail servers at the European Bioinformatics Institute, Hinxton Hall, UK (blitz@ebi.ac.uk and fasta@ebi.ac.uk) and the National Centre for Biotechnology Information, National Institutes of Health, MD, USA (blast@ncbi.nlm.nih.gov). The phylogenetic tree was constructed on the basis of amino acid sequence alignment by neighbour-joining, applying the`Neighbor' program from the PHYLIP package (Saitou & Nei 1987; Felsenstein 1993 ). The degree of support for internal branches was further assessed by bootstrapping (Felsenstein 1993) . The distance matrix was calculated as described (Dayho¡ et al. 1978) . The graphical output of the bootstrap ¢gure was produced by the program`Treeview' (R. D. M. Page, University of Glasgow, UK;
http://taxonomy.zoology.gla.ac.uk/software.html#-treeviewing). Multiple alignment, using the default options, was performed with CLUSTAL W v. 1.6 (Thompson et al. 1994) , and the graphic presentation was composed with GeneDoc (Nicholas & Nicholas 1996) .
Hydropathicity analysis, based on the method of Kyte & Doolittle (1982) , was performed using the PC/GENE Soap (1995) .
(e) Northern blotting analysis RNA was extracted from liquid nitrogen-pulverized sponge tissue with TRIzol, as recommended by the manufacturer. An amount of 7.5 mg of total RNA was electrophoresed through 1% formaldehyde^agarose gel and blotted onto Hybond N + membrane, following the manufacturer's instructions.
Hybridization experiments were performed with the probe GCEMAPR1.The cDNAwas labelled with DIG-11-dUTP using the DIG DNA labelling kit. Hybridization was performed with the antisense Dig-labelled probes at 42 8C overnight using 50% formamide, containing 5 Â SSC, 2% blocking reagent (Boehringer Mannheim), 7% (w/v) SDS and 0.1% (w/v) N-lauroylsarcosine, following the instructions of the manufacturer (Boehringer, Mannheim). After washing, DIG-labelled nucleic acid was detected with anti-DIG Fab fragments (conjugated to alkaline phosphatase) and visualized by a chemiluminescence technique using CSPD, the chemiluminescence substrate alkaline phosphatase, according to the instructions of the manufacturer (Boehringer Mannheim).
RESULTS
(a) Cloning and sequencing of the GCEMAPR1 from G. cydonium A degenerate oligonucleotide primer, corresponding to the nt sequence of the conserved peptide present in the human EMAP sequences from amino acids 155^161, was used to amplify cDNA from the sponge cDNA library. The fragment obtained contained a deduced amino acid sequence similar to the NH-terminal sequence of the processed mature form of the mouse and human EMAP sequences (Kao et al. 1994a) . This fragment was then used to probe the same cDNA library. The largest cDNA obtained was 592 nt (excluding the poly(A) tail) in length and contained a potential open reading frame extending from nt 62 to nt 508 and coding for 149 amino acids. At the 3'-terminus the cDNA has a poly(A) tail, with a truncated polyadenylation signal. The clone was termed GCEMAPR1 (accession no. Y14947). Six independent clones were sequenced and analysed.
Northern blot analysis was performed with the original GCEMAPR1 clone as a probe; a prominent band of approximately 0.6 kb was obtained, con¢rming that a full length cDNA was isolated (¢gure 1). From previous experiments it is known that G. cydonium contains in several cases multiple isoforms of a given transcript, with the protein featuring scavenger-receptor cysteine-rich domains (Pancer et al. 1997b ) as a prominent example; therefore, we marked the cDNA with 71, leaving room for possible future polymorphs. The GCEMAPR1 cDNA EMAPR encodes a 149 amino acid-long putative protein called EMAPR1___GC. The deduced M r is 16 499, with a pI of 5.21 (PC/GENE 1995).
Homology searches (BLAST, BLITZ and FASTA) with EMAPR1___GC revealed highest similarity to the human endothelial monocyte-activating polypeptide (EMAP) type II (Kao et al. 1994a,b) , mouse EMAP II (Kao et al. 1994a) , and the EMAP-related (EMAPR) molecule from C. elegans (Wilson et al. 1994) . The alignment of sponge EMAPR1___GC with these sequences is shown in ¢gure 2.
It becomes evident that the deduced sponge protein spans only the C-terminal part of the other three metazoan EMAP or EMAPR molecules. From the studies of Kao et al. (1994a) it has been established that the mammalian EMAP molecules are processed and that only the COOH-terminal segment is released from the cells. This processed form of the human sequence consists of 165 amino acids, has a molecular mass of ca. 18 kDa (Kao et al. 1994a) , and is similar to that estimated for the putative EMAPR polypeptide.
A hydropathicity analysis was performed from EMAPR1___GC and compared with the one from the mouse EMAP II (¢gure 3). It is evident that the distribution of hydropathicity along the sponge sequence is almost identical to that seen in the processed form of the murine sequence, spanning the amino acid residues 151^266.
(c) Phylogenetic analysis
An unrooted neighbour-joining tree was constructed from the sponge EMAPR protein, the two mature mammalian EMAPs, and the corresponding part from the second invertebrate sequence available (C. elegans); ¢gure 4. Based on the alignment shown in ¢gure 2, the human EMAP shares a high similarity/homology to the mouse EMAP (91% amino acid identity and 93% similarity), but lower similarity/homology to the C. elegans (54%, 70%) and G. cydonium EMAPRs (56%, 73%). Based on the amino acid data, the derived tree contained two distinct clusters, one including the two mammalian EMAP sequences, the other comprising the two invertebrate EMAPRs (¢gure 4). This separation is robust, with a signi¢cance of 100%.
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Proc. R. Soc. Lond. B (1998) Figure 2 . Alignment of the amino acid sequence for EMAPR1___GC, deduced from the cDNA isolated from the marine sponge G. cydonium (GCEMAPR1) with human endothelial monocyte-activating polypeptide (EMAP) II (EMAP2_HS; accession number U10117 (Kao et al. 1994a,b) , mouse EMAP II (EMAP2_MM; U10118 (Kao et al. 1994a) , and EMAPR from the nematode Caenorhabditis elegans (EMAPR___CE; Z73427 (F58B3.5); Wilson et al. 1994) . The NH-terminal part of the C. elegans sequence has been truncated up to amino acid 624. The arrow marks the position of the mature NH-terminus in the human and mouse EMAP sequences; the two arrow heads delimit the segments of the sequences used for the construction of the phylogenetic tree. The alignment was performed using CLUSTAL W (Thompson et al. 1994) .
DISCUSSION
Until recently, prior to the isolation of those cDNAs from Porifera coding for proteins characteristic of Metazoa (survey; Mu« ller 1997, 1998), it was assumed that invertebrate molecules, especially those involved in the formation of the extracellular matrix, would show many unique features (Har-el & Tanzer 1993) . The latter view changed since major building blocks of those molecules, involved in cell adhesion, signal transduction, immunorecognition and even in neurotransmission, have been identi¢ed in marine sponges (survey: Mu« ller 1997 (survey: Mu« ller , 1998 , although most of these elements have been deduced from cDNA sequences. A few of the molecules have already been synthesized using recombinant technology, and found to display in sponges similar functions as in higher vertebrates; the galectin from G. cydonium is an example .
In the present study, the cDNA sequence of a ¢rst morphogen from a sponge has been reported. Based on sequence similarities between the mouse and human EMAP and the EMAPR molecule from C. elegans, a putative endothelial monocyte-activating related polypeptideöEMAPRöhas been isolated by PCR technology from a cDNA library of G. cydonium. The molecule was selected on the basis that (i) the extracellular matrix elements, characteristic of the basal lamina, have been identi¢ed in sponges; (ii) the epithelial cells, both those surrounding the animals as well as their canal system, are arranged as single-cell layers (see ½1); and (iii) the presence of morphogens or morphogen-related molecules has to be postulated in sponges in order to understand the spatial arrangement of the cells in the surprisingly complex and multifaceted Bauplan of the di¡erent species of the Porifera (see Simpson 1984) .
The deduced amino acid sequence of the sponge EMAPR molecule has a sizeöMW 16 499öwhich is considerably lower than the primary sequence of the mammalian EMAP, which is ca. 34 kDa (Kao et al. 1994a) . However, if the human gene is expressed in Escherichia coli, only a protein of ca. 18 kDa is obtained, a size which is close to that of the active polypeptide present in the supernantants of murine sarcoma cells (ca. 22 kDa; Kao et al. 1994a) . Therefore, we assume that the biological activity may be inherent in this 16.5 kDa sponge molecule and that the N-terminal part of the vertebrate sequence has acquired an additional function during evolution. This view is supported also by Northern blot analysis, which indicates that a full-length clone has been isolated.
The function of the EMAPR in sponges is not yet known. The EMAP molecule from mammalian cells is known to display alterations in endothelial functions (Kao et al. 1992 (Kao et al. , 1994a . Even though some histological similarities exist between the endothelium in mammals as well as higher invertebrates and the di¡erent single-cell layers of pinacocytes in spongesösimple squamous epithelium connected with a basal laminaöonly in situ analysis of the distribution as well as functional assays will answer the question about the role of EMAPR in sponges. These studies are ongoing. . Hydropathicity plots of the sponge EMAPR (above) and the murine EMAP sequences (below). The calculation was performed according to the method of Kyte & Doolittle (1982) . The NH-terminus of the processed form of the murine EMAP is marked (arrow). The horizontal axes show the amino acid numbers along the protein versus the corresponding hydropathicity. The dotted lines at the 70.5 value divide hydrophobic regions (above) from hydrophilic regions (below). Figure 4 . Unrooted phylogenetic tree computed from the four sequences listed in ¢gure 2. The analysis was performed by neighbour-joining as described under ½ 2. The processed forms of the sequences, as indicated in ¢gure 2, have been used. Two clusters comprising the human (EMAP2__HS) and mouse EMAP (EMAP2___MM) sequences, as well as the two EMAPrelated sequences from G. cydonium (EMAPR1___GC) and C. elegans (EMAPR___CE), are grouped. The number at the node refers to the level of con¢dence as determined by bootstrap analysis (1000 bootstrap replicates). The scale bar indicates an evolutionary distance of 0.1 amino acid substitutions per position in the sequence.
